The biological response to zirconia (ZrO 2 ) is not completely understood, which prompted us to address its effect on preosteoblastic cells in both direct and indirect manner. Our results showed that zirconia triggers important intracellular signaling mainly by governing survival signals which leads to cell adhesion and proliferation by modulating signaling cascade responsible for dynamic cytoskeleton rearrangement, as observed by fluorescence microscopy. The phosphorylations of Focal Adhesion Kinase (FAK) and Rac1 decreased in response to ZrO 2 enriched medium. This corroborates the result of the crystal violet assay, which indicated a significant decrease of pre-osteoblast adhesion in responding to ZrO 2 enriched medium. However, we credit this decrease on pre-osteoblast adhesion to the need to govern intracellular repertory of intracellular pathways involved with cell cycle progression, because we found a significant up-phosphorylation of Mitogen-Activated Protein Kinase (MAPK)-p38 and Cyclin-dependent kinase 2 (CDK2), while p15 (a cell cycle suppressor) decreased. Importantly, Protein phosphatase 2 A (PP2A) activity decreased, guaranteeing the significant up-phosphorylation of MAPK -p38 in response to ZrO 2 enriched medium. Complementarily, there was a regulation of Matrix Metalloproteinases (MMPs) in response to Zirconia and this remodeling could affect cell phenotype by interfering on cell anchorage. Altogether, our results show a repertory of signaling molecules, which suggests that ECM remodel as a pre-requisite to preosteoblast phenotype by affecting their anchoring in responding to zirconia.
Introduction
Bone is a highly dynamic tissue capable of remodeling itself throughout life [1] . When damaged, its physiology allows regenerating of minor lesions. On the other hand, in cases of critical-sized bone defects, biomaterials must be used to guide tissue regeneration [2, 3] . Ideally, a biomaterial should be able to recruit osteoprogenitor cells into the lesion region, subsequently stimulating their proliferation and consequent differentiation by well-orchestrated signaling involving cells and trophic molecules. Among the several properties to be considered for successful osseointegration, the biomaterial needs to have adequate physical-chemical composition and bioactivity on its surface [4] . Thus, titanium alloys are widely used for bone tissue regeneration, but in the last decade there has been growing interest in understanding the behavior of bioceramic materials as an implantable material, such as zirconium dioxide (ZrO 2 ), also known as zirconia [5, 6] .
Beyond its mechanical properties, zirconia devices have emerged as an alternative mainly due to aesthetic aspects; however, it has other important clinical properties [7] . Initially, zirconia was used in artificial dental crowns and abutments of implants, due to its very interesting physical and mechanical properties. Zirconia has low thermal conductivity and can withstand flexural stresses in the order of 1000 MPa and 2000 MPa of effective compression. Due to its great strength, zirconia is known as "ceramic steel", and is considered the second strongest material, only behind diamond [8, 9] . Recently, zirconia has been used as for implants because of its biological response such as adequate biocompatibility with bone tissue cells. Many studies have demonstrated that zircon surfaces do not produce any cytotoxic effects by exploring in in vitro technologies, or any kind of systemic infection when implanted in mice or rabbits [8] [9] [10] . In addition, zirconia has been shown to be capable of inducing the proliferation of pre-osteoblast, as well as increasing the gene expression of type I collagen and osteopontin [10] . Although zirconia dental implants are receiving increasing attention, no papers have reported the molecular mechanisms governing cell adhesion on its surface.
Animal models are widely used in the research that evaluates biological behavior of novel biomaterials. Over the last decade, our group has proposed the use of in vitro approaches by diagnostic intracellular signal transduction mechanisms, which have been proposed as important tools to predict biomaterial-cell interactions and are considered alternative approaches that reduce the use of experimental animals in biomedical materials research. To this end, biomarkers of cell metabolism, such as Focal Adhesion Kinase (FAK), Src, Paxilin, and Cofilin, among other kinases and phosphatases, appear as alternative tools to evaluate the biocompatibility of biomedical materials. In this work, we demonstrated for the first time part of the molecular mechanism involved with the biological response to zirconia, revealing a repertory of signaling molecules able to propose Extracellular Matrix (ECM) remodeling as a prerequisite to contribute to pre-osteoblast phenotype by affecting their anchorage.
Material and methods

Cell culture
Mouse pre-osteoblastic cells, MC3T3-E1 (subclone 4) (ATCC CRL-2593), were culture in αMEM supplemented with 10% of Fetal Bovine Serum (FBS) at 37°C and 5% CO 2 . For all experiments, cells were tripsinized at subconfluent passages when they were used.
Zirconia propeties and cell viability assay
For the cell viability assay, αMEM was conditioned with zirconia (Alumina toughened Zirconia, composition: 76% ZrO 2 , 20% Al 2 O 3 , 4%YO 3 , ZrO 2 ) discs (0.01 mg/mL, with 0.6 cm diameter) for 24 h and then the ZrO 2 enriched medium was used to treat the pre-osteoblast for additional 24 h in semiconfluence (around 100 × 10 3 cells/ml). Thereafter, the medium was replaced by a vital dye MTT (1 mg/ mL) [11] and incubated for an additional 4 h. Then, the MTT medium was removed and the blue precipitate dye diluted in 100 µL/well of absolute alcohol. In the end, the cell viability was estimated by measuring the absorbance in a microplate reader (SYNERGY-HTX multi-mode reader, Biotek, USA) at 570 nm wavelength.
Cell adhesion assay
ZrO 2 enriched medium was also used to measure its influence on cell adhesion by using crystal violet as the approach (Rossi et al., 2017; Bezerra et al., 2017) . Previously, the cells were challenged with ZrO 2 enriched medium up to 24 h when the cells were trypsinized, and reseeded on 96-well microplate at 100 × 10 3 cells/ml. A control group was considered by reseeding the cells with conventional cell culture conditions. After 24 h of seeding, cell adhesion was estimated by incorporating the crystal violet, as detailed somewhere. The absorbance was measured at 540 nm using a microplate reader (SYNERGY-HTX multi-mode reader, Biotek, USA), which was used to estimate the profile of adherent cells.
Scanning electron microscopy (SEM)
Pre-osteoblasts were plated onto zirconia discs at the density of 50 × 10 3 cells/disc, and after 24 h were fixed with 2.5% of glutaraldehyde in 0.1 M phosphate buffer pH 7.3 for 24 h. After the dehydration steps, they were sent to the critical point, assembled in the "stubs" and then metallized. The SEM analyses were performed on a Quanta 200-FEI Company scanning electron microscope at an accelerating voltage of 12.5 kV.
Western blotting (WB)
Semiconfluent pre-osteoblasts were treated in ZrO 2 enriched medium up to 24 h, then they were lysed on ice for 2 h with Lysis Cocktail (50 mM Tris [tris(hydroxymethyl) aminomethane]-HCl [pH 7.4], 1% Tween 20, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EGTA (ethylene glycol tetraacetic acid), 1 mM O-Vanadate, 1 mM NaF, and protease inhibitors [1 μg/mL aprotinin, 10 μg/mL leupeptin, and 1 mM 4-(2-amino-ethyl)-benzolsulfonyl-fluoridhydrochloride]) to obtain the pool of protein. After being lysed, the samples were sonicated (1 pulse per second; SONICS Vibra-Cell, USA) and maintained for an additional 1 h on ice. The protein extracts were clarified and the protein concentration determined by the Lowry method [12] . Proteins extracts were resolved by SDS-PAGE (10 or 12%) and transferred to PVDF membranes (Bio-Rad, Hercules, CA, USA). Immediately, the membranes were blocked with either 1% fat-free dried milk or bovine serum albumin (2.5%) in Tris-buffered saline (TBS)-Tween 20 (0.05%) and incubated overnight at 4°C with appropriate primary antibody at 1:1000 dilutions overnight. After washing in TBS-Tween 20 (0.05%), the membranes were incubated with horseradish peroxidase-conjugated anti-rabbit, antigoat, or anti-mouse IgGs secondary antibodies, at 1:5000 dilutions, in blocking buffer for 1 h at room temperature.
Thereafter, Enhance Chemiluminescence (ECL, Pierce, USA) was used to detect the bands.
RT-qPCR
To collect samples for qPCR, the pre-osteoblasts were plated in a petri dish (100 mm diameter) for adhesion. At semiconfluence, they were treated with ZrO 2 enriched medium (indirect model) or grown on zirconia (direct model) for 24 h, when the culture medium was removed and TriZOL and treated with DNase I (Invitrogen, Carlsband, CA, USA). cDNA synthesis was performed with High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. qPCR was carried out in a total of 10 μl, containing PowerUp™ SYBR™ Green Master Mix 2× (5 μl) (Applied Biosystems, Foster City, CA), 0.4 µM of each primer, 50 ng of cDNA and nuclease free H 2 O. Fold changes were analyzed using the comparative Ct method (ΔΔCt) normalizing to GAPDH expression and comparing to static conditions as a reference. qPCR was performed using a QuantStudio ® 3 Real-Time PCR System to assess changes in mRNA expression in the genes (Table 1) .
Matrix metalloproteinase activities
After identifying the involvement of matrix remodeling marker gene in response to ZrO 2 enriched medium, we decided to investigate whether there were MMP activities by exploring the Zymography approach. The pre-osteoblast cultures were treated as detailed previously when the conditioned medium was collected. The gelatinolytic activities of the samples were evaluated by resolving the sample from cell culture supernatants, and SDS-PAGE was performed on gels containing 0.1% gelatin and 10% polyacrylamide [13] . Samples, previously mixed with loading buffer (2% SDS and 0.1% bromophenol blue), were electrophoresed under nonreducing conditions. After electrophoresis, gels were washed in 2% Triton X-100 and immersed in buffer containing 50 mM Tris-HCl (pH 7.6), 200 mM NaCl, and 10 mM CaCl2 for 18 h at 37°C. The gels were stained with 0.5% Coomassie Blue G-250 in acetic acid/methanol/water (1:4:5 vol/vol/vol) [14] and destained in acetic acid/ methanol/water (1:2:7 vol/vol/vol).
Statistical analysis
The results were plotted as mean ± standard deviation (SD) and significances were verified using One-Way ANOVA (non-parametric) with Tukey test powders. In this case, p < 0.05 was considered statistically significant and p < 0.0001 considered highly significant. For the statistical analysis, the groups were standardized by the percentage of control.
Results
Zirconia compromises pre-osteoblast adhesion by down-regulating FAK and RAC1 activations
To verify whether zirconia is able to modulate osteoblast performance, we explored 2 biological models: direct and indirect contact. For the direct model the cells were seeded on the zirconia, and for the indirect model, the zirconia was incubated in cell culture medium up to 24 h in order to enrich previously the medium (ZrO 2 -enriched medium) to treat the cells, in agreement to ISO 10993:2016. First, we found that ZrO 2 -enriched medium influenced pre-osteoblast performance. Using violet crystal, it was verified that ZrO 2 enriched medium decreased the cellular adhesion of preosteoblasts compared to the control (Fig. 1a) . To understand this event, we investigated the balance of the crucial proteins involved with the intracellular cascade triggered upon integrin activation (signaling pathway proposed in Fig. 1b) , culminating in cytoskeleton rearrangement; thus, ß1-integrin, FAK, Rac1 and Cofilin were analyzed (Fig. 1c-j) , while GADPH as used a housekeeping control. The activation of FAK was analyzed by investigating its three possible phosphorylated residues, Y397 (Fig. 1c, e) , Y576/577 (Fig. 1c, f) , and Y925 (Fig. 1c, g ), all involved with cell adhesion and governing cytoskeleton rearrangement culminating in the transitionally cofilin phosphorylation. Phosphorylations at residues Y576/577 and Y925 did not present any change, while the residue Y397 showed significant decrease (p = 0.0060) in response to ZrO 2 enriched medium. Concomitantly, we also found an important effect on ß1-integrin expression (Fig. 1c, d) , while Rac1 activation was down-modulated (p = 0.0001; Fig. 1h, i) . For cytoskeleton-based cell adhesion, cofilin phosphorylation presented the same profile as the control (Fig. 1h, j) . To validate this biological effect, we investigated the actin-based cytoskeleton rearrangement by using fluorescence microscopy and found that ZrO 2 promotes significant changes in actin organization (Fig. 1k-p) . As these large bundles of actin, called stress fibers, appear preferentially in response to ZrO 2 , our model provides a mechanism for stress fiber formation and stiffness sensing in ZrO 2 -responding cells.
Using a direct contact model, we later evaluated the morphological changes of pre-osteoblasts grown on the zirconia surface for 24 h using SEM, when adhered cells showed advanced spreading, indicating modulation of signaling pathways responsible for governing cytoskeleton rearrangement (Fig. 2a) . In addition, we investigated expression of genes related with cell adaptation on the substrate and showed ß1-integrin (Fig. 2b) and Src (Fig. 2d) were significantly down-modulated, but FAK (Fig. 2c) , cofilin (Fig. 2e) , and PP2A (Fig. 2f) were significantly upmodulated.
Zirconia enhances survival signaling-related transducers
First, we evaluated the cell viability of pre-osteoblast subjected to ZrO 2 enriched medium by using classical MTT assay. Ferreira et al. using MTT estimated cell viability and proliferation [15] . Our results showed that ZrO 2 -enriched medium enhances pre-osteoblasts viability (Fig. 3a) , which suggests an increased cell cycle. For a better understanding, the signaling pathway was addressed by evaluating proteinrelated cell cycle and survival signaling transducers. Thus, we evaluated the involvement of important signaling transducers for cell survival and found an important AKT requirement (Fig. 3b, c) . In addition, mitogen-activated protein kinases (MAPKs) were significantly up-activated, as follows: p38 (Fig. 3d, e) , ERK (Fig. 3f, g ), and JNK (Fig. 3h, i) . In order to evaluate whether those survival signaling culminate in proliferation fashion, we reported a significant increase of CDK2 phosphorylation (Fig. 3j, k) , while p15 expression presented a slight down-regulation (Fig. 3l, m) . The balance on CDK2 and p15 is known to be involved in cell cycle progression. At this point, it seems the Ser/Thr phosphorylation balance is an important biomarker of zirconia-related response. Thus, we decided to investigate the potential involvement of PP2A, a Ser/Thr phosphatase able to hydrolyze phosphoryl moiety from phosphorylated Ser/Thr sites. Our results showed PP2A was significantly up-phosphorylated at Y307 (p = 0.0431) in response to ZrO 2 -enriched medium (Fig. 3n, o) , indicating its inhibition.
In parallel, considering the direct effect of the zirconia on pre-osteoblast viability, we found a singular cell phenotype that stimulates cell proliferation, as CDK4 gene was significant up-activated (Fig. 4a) , while CDK2 (Fig. 4b) and CDK6 (Fig. 4c) remained unchanged, as well as p21 (Fig.  4d) , a well-documented gene suppressor. Thus, it is clear zirconia-based cell signaling promotes cell cycle progression in both the direct and indirect model.
Zirconia stimulates a fine ECM remodelingrelated protein processing
To understand whether zirconia enriched medium affects ECM-remodeling, we investigated the capacity of challenged pre-osteoblast to process MMP-2, MMP-9, and their tissue inhibitors, TIMP1, TIMP2 and reversion-inducingcysteine-rich protein with kazal motifs (RECK). First, the ZrO 2 -enriched medium (indirect manner) caused a considerable ECM remodeling controlled by the challenged pre-osteoblast. Both MMPs-2 and -9 genes were significantly up-activated (Fig. 5a, b) , while both TIMPs-1 and -2 genes were down-activated (Fig. 5c, d ). Later, we measured the activity of the conditioned medium by challenged pre-osteoblast (Fig. 5e ) and found an increase of their activities ( Fig. 5f-k) . In addition, a very similar profile was obtained on the machinery of ECM remodeling-related genes when cells were grown directly on the zirconia devices. Thus, Fig. 6a illustrates significant MMP-2 gene activation, while MMP-9 gene was unchanged (Fig. 6b) . Importantly, MMP inhibitors TIMP-1 and RECK were up- and it is possible to observe its phosphorylations at several residues (Y397, Y576/577, and Y925), as well as the pan Rac1 and Cofilin, and their phosphorylated residues h-j. All of these proteins were resolved by immunoblotting technology and the GAPDH used as the housekeeping gene. In the images k-p, cells were challenged with ZrO 2 -enriched media and then evaluated for cytoskeletal rearrangement. Significances were considered when **p < 0.0015; ***p < 0.0007
expressed (approximately 15-fold changes and 3.5-fold changes, respectively; Fig. 6c, d ), while TIMP-2 remained unchanged (Fig. 6e) 
Discussion
There is now a growing search for alternative methods to animal experimentation and also to understand the molecular mechanism involved with biomaterial response. Hence, we have been working to this end by exploring molecular pathways of the cell/biomaterial interaction responses to prioritize in vitro over in vivo tests. Many in vitro tests have indicated zirconia as a biocompatible material. However, it is necessary to understand the intracellular signaling responsible for governing its biological response, because Josset et al. [16] showed that zirconia surface allowed adhesion and spreading of human osteoblasts and the cells preserved their capacity to proliferate and differentiate. To address this issue, we investigated signaling pathways that govern crucial cell fates such as adhesion and proliferation by considering 2 biological models: an indirect, where the pre-osteoblasts were challenged with zirconia-enriched medium, and a direct, where the osteoblasts were grown directly on the zirconia surface. Our data strongly suggest zirconia interacts with the surrounding tissue, considering both direct and indirect model. Previously, we considered Focal Adhesion Kinase (FAK) activation as a very interesting biomarker of cell adhesion upon integrin activation when interacting with substrates [17] . It is very known that FAK has three independent tyrosine-residues (Y) that undergo phosphorylations, which are classically related to cell adhesion, Y397, Y576/577, and Y925 [18, 19] . Mechanistically, the autophosphorylation at residue Y397 activates FAK and allows its interaction with Src, a protein tyrosine kinase also involved with cell adhesion process and cell survival pathways [20, 21] . Consequently, when phosphorylated at residue Y576/577, FAK initiates a cascade responsible for the rearrangement of the actin-based cytoskeleton [18, 22] . Lastly, the phosphorylation of the Y925 residue is related to adhesion, differentiation, and motile processes, among others by activating the MAPK pathway [23, 24] . In this work, the phosphorylation at Y397 site was decreased in response to ZrO 2 enriched medium, but Y576/577 and Y925 sites remain unchanged. The phosphorylation at Y397 provoked FAK tridimensional changes providing interaction with SH2 domains as well as phosphorylation of residues Y576/577 and Y925 [20, 25] . Thus, our results suggest Fig. 2 Zirconia modulates the expression of adhesion genes and cytoskeletal rearrangement of pre-osteoblasts in direct contact. The electronmicrography (a) shows pre-osteoblast adhesion in direct contact with ZrO 2 devices, where the cells are seeded on the disc up to 24 h and later evaluated by Scanning Electron Microscopy. The same biological model was explored to collect the samples for the qPCR analysis, when previously the samples were harvested in TriZOL to evaluate an expression of adhesion and cytoskeleton rearrangementrelated genes (b-f). Significances were considered when *p < 0.02, **p < 0.0057 and ****p < 0.0001 that the decrease of cell adhesion in response to ZrO 2 enriched medium, proposed by the violet crystal approach, is related to the decrease of Y397 phosphorylation and this molecular mechanism could be a prerequisite to start cell proliferation.
In addition on this scenario, a decrease of Rac1 phosphorylation in response to ZrO 2 enriched medium was also observed. Rac1, which is related to the cytoskeleton adaptations during the cellular attachment on substrate, migration, and adhesion process [26, 27] , is regulated by FAK, Src, and others Rho GPTases members upstream [28] . The self-regulation of Rho GTPases is responsible, among others, for the formation and alteration of lamellipodial protrusion in the cell, and is very necessary during the cell migration process [28] . In conjunction, these signaling pathway can explain the different actin-related cytoskeleton rearrangement in response to zirconia, mainly because Rac1 also acts in the regulation of Cofilin [2] , which is highly responsible for the reorganization of actin filaments during cell adhesion and spreading [29] . In agreement, our results found no significance in cofilin phosphorylation (S03) in response to ZrO 2 enriched medium, when compared to the control group. This result can be reported both by the performance of other Rho GTPases [30] , because Rac1 activation was decreased, as well as by the increased MAPKp38 phosphorylation, observed in response to ZrO 2 enriched medium.
In this scenario, we also investigated the Ser/Thr phosphatase 2 A (PP2A). When phosphorylated by Src at its Y307 residue, PP2A is inactivated by decreasing its activity in hydrolyzing phospho-serine and phospho-threonine residues [31] . This may be an explanation for the increased phosphorylation of P38 [32] , in turn for the compensation mechanism for phosphorylation of Cofilin, since the residue S03 remains phosphorylated [33] . Combining these results, it is possible to suggest an extensive performance of Src in the mechanisms of adhesion and survival of cells in contact with zirconia surface. The ERK and p-ERK; JNK and p-JNK) (d-i). The proliferation events were estimated by evaluating CDK2 and p15, as well as PP2A (j-o) up to 24 h in response to ZrO 2 enriched media. GAPDH was used as a housekeeping gene. Significances were considered when *p < 0.04; **p < 0.0057 involvement of other members of the Rho GTPase family (such as ROCK1, RhoA, RhoC, among others) may also explain the adhesion mechanisms in response to zirconia [34] .
Additionally, we also reported an increase of MTT result by pre-osteoblast in response to ZrO 2 enriched medium when compared to control. This can be interpreted as an increase in the energy demand of cells, by increasing the demand of dehydrogenases, or enhancing the number of cells as the ZrO 2 enriched medium stimulates pre-osteoblast proliferation. To identify whether this treatment interferes in cell cycle progression as suggested earlier, we decided to investigate CDK2 and p15. The significant upphosphorylation of CDK2 (Y160) suggests its involvement in progressing the cell cycle [35, 36] . On the other hand, the expression of p15, a cellular inhibitor for CDK2, remained unchanged in response to ZrO 2 enriched medium, obviously evidencing the greater involvement of CDK2 in mechanisms of cell cycle modulation.
Later, to see whether ZrO 2 enriched medium could interfere in ECM remodeling, we investigated the balance of MMPs and their inhibitors. In our cell culture model, we observed MMP-2 and -9 expression by qPCR technology and the presence of pro-MMP-2 gelatinolytic activity by zymography. TIMP2 expression was reduced while MMP2 and MMP9 expressions significantly increased and this balance is in agreement, since TIMP2 is a metalloproteinase inhibitor [13] . Additionally, the expression of MMP9 by qPCR was found to be highly significant in response to ZrO 2 enriched medium. MMP9 seems to play an important and functional role for pre-osteoblast behavior in response to ZrO 2 enriched medium, because its activity also significantly increased while MMP2 activity decreased. Our results are consistent with other works that demonstrated the influence of this biomaterial on MMP production in osteoblasts [37, 38] . These data are in agreement with results provided by in vitro and in vivo experiments and suggest that MMPs and TIMPs produced by bone cells are important in the balance between bone formation and resorption.
The down-regulation of MMP2 could explain the low phosphorylation of FAK at residue Y379, found in the response to ZrO 2 enriched medium, since the activation of the FAK / Src / PI3K / AKT pathway is required for remodeling of the extracellular medium by MMP2 action [39, 40] . Another hypothesis for low MMP2 activity would be a low production of collagen by the cell [41] . The interactions between osteoblasts and biomaterials, such as zirconia, alter both MMP-2, -9 and TIMP-1 expression indicating that biomaterials may influence bone remodelingrequired integration of biomedical devices.
Altogether, our results showed for the first time the molecular mechanisms triggered by zirconia on preosteoblasts. Specifically, our results showed that there is a stimulus for ECM remodeling as a prerequisite to promote cell cycle progression by finely orchestrating multisite FAK phophorylations and culminating in cytoskeleton rearrangement. In addition, our proposal is able to recognize mechanisms involved with cell/biomaterial interaction, promoting a necessary stage of refinement of technologies used during new biomaterial development, consequently reducing the animal experimentation during the process, which is absolutely in accordance with the 3 R's principle proposed as an international ethical parameter for animal experimentation. 6 MMPs genes are reprogrammed in response directly to Zirconia. The biological model was explored by seeding the cells directly on the zirconia discs and after 24 h the RNA was extracted. To estimate the ECM remodelingrelated genes, we evaluated the expression profile of MMP2 and MMP9 (a-b) and their tissue inhibitors: TIMPs and RECK (c-e). Significances were considered when ***p < 0.0007 and ****p < 0.0001
